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INTRODUCTION {#hbm23411-sec-0001}
============

The influence of anxiety on visuo‐vestibular systems involved in balance control was initially described more than a century ago \[Balaban and Jacob, [2001](#hbm23411-bib-0006){ref-type="ref"}; Gowers, [1887](#hbm23411-bib-0041){ref-type="ref"}\], although only recent research has begun to examine the interactions across visual, vestibular, and anxiety systems \[Balaban and Jacob, [2001](#hbm23411-bib-0006){ref-type="ref"}; Carmona et al., [2009](#hbm23411-bib-0020){ref-type="ref"}; Coelho and Balaban, [2015](#hbm23411-bib-0022){ref-type="ref"}; Kapfhammer et al., [2014](#hbm23411-bib-0054){ref-type="ref"}; Lopez, [2016](#hbm23411-bib-0062){ref-type="ref"}; Mast et al., [2014](#hbm23411-bib-0066){ref-type="ref"}\].

First, animal studies have shown that rats with high levels of anxiety may display balance deficits when performing postural tasks that include visual threats, for example, walking on a spinning beam while passing throughout a rotating tunnel that simulates movement of the visual environment \[Lepicard et al., [2000a](#hbm23411-bib-0060){ref-type="ref"}; Rudrauf et al., [2004](#hbm23411-bib-0082){ref-type="ref"}; Viaud‐Delmon et al., [2011](#hbm23411-bib-0093){ref-type="ref"}\]. At the same time, anxiolytic drugs (e.g., diazepam) have been found to reduce the number of falls in anxious rats during the same paradigm, while anxiogenic medication (e.g., methyl ß‐carboline‐3‐carboxylate "ß‐CCM") has been shown to cause balance deficits in non‐anxious rats \[Lepicard et al., [2000a](#hbm23411-bib-0060){ref-type="ref"}, [2000b](#hbm23411-bib-0061){ref-type="ref"}\].

Second, behavioral studies in healthy people have suggested that individual differences in anxiety significantly affect balance control during postural challenges \[Viaud‐Delmon et al., [2011](#hbm23411-bib-0093){ref-type="ref"}\]. For example, Bolmont et al. found a negative association between anxiety levels and balance measures during a postural task in which there was mismatch between visual and proprioceptive information \[Bolmont et al., [2002](#hbm23411-bib-0013){ref-type="ref"}\]. In another study, high‐ relative to low‐anxious individuals displayed a shift from an allo‐centric to ego‐centric strategy when orienting themselves throughout a virtual reality navigation task \[Viaud‐Delmon et al., [2002](#hbm23411-bib-0092){ref-type="ref"}\].

Third, clinical research in patients with vestibular and psychiatric disorders has supported the notion that visual, vestibular, and anxiety systems may closely interact during balance control \[Balaban and Jacob, [2001](#hbm23411-bib-0006){ref-type="ref"}; Staab et al., [2013](#hbm23411-bib-0086){ref-type="ref"}\]. More specifically, patients with vestibular or anxiety disorders have been found to rely more heavily than healthy persons on visual information during tasks requiring balance control \[Cousins et al., [2014](#hbm23411-bib-0026){ref-type="ref"}; Redfern et al., [2001](#hbm23411-bib-0080){ref-type="ref"}, [2007](#hbm23411-bib-0081){ref-type="ref"}\]. Patients with vestibular disorders are also more likely to develop anxiety disorders than patients without vestibular dysfunctions \[Best et al., [2009](#hbm23411-bib-0010){ref-type="ref"}; Celestino et al., [2003](#hbm23411-bib-0021){ref-type="ref"}; Eagger et al., [1992](#hbm23411-bib-0031){ref-type="ref"}; Eckhardt‐Henn et al., [2003](#hbm23411-bib-0032){ref-type="ref"}; Eckhardt et al., [1996](#hbm23411-bib-0033){ref-type="ref"}\]. Likewise, patients with anxiety and mood diseases frequently report hyper‐sensitivity to visual and vestibular stimuli during balance challenges \[Hainaut et al., [2011](#hbm23411-bib-0043){ref-type="ref"}; Staab et al., [2014](#hbm23411-bib-0087){ref-type="ref"}\]. Finally, exposure to moving visual stimuli during upright posture and head motion has been shown to exacerbate the sensation of unsteadiness in clinical conditions like height phobia and chronic subjective dizziness (CSD), two disorders in which the interplay between visual, vestibular, and anxiety systems plays a key pathogenetic role \[Indovina et al., [2015b](#hbm23411-bib-0052){ref-type="ref"}; Staab, [2012](#hbm23411-bib-0084){ref-type="ref"}; Staab et al., [2013](#hbm23411-bib-0086){ref-type="ref"}\].

Together, these studies supported current theoretical models positing that there may be multiple pathways in the brain where anxiety influences the visual and vestibular systems and vice versa \[Balaban, [2002](#hbm23411-bib-0005){ref-type="ref"}\]. Nevertheless, the core neural mechanisms underlying the interaction between these systems remain poorly understood and scarcely characterized. In particular, it is unknown whether and how individual differences in anxiety‐related personality traits modulate the brain activity and functional connectivity patterns in visual, vestibular, and anxiety systems.

In this study, we were specifically interested in the influence of trait‐ rather than state‐anxiety on the activity and connectivity across brain regions involved in the visuo‐vestibular control of balance. This is because trait‐anxiety (i.e., the potentially insidious innate tendency of an individual to worry) has not been studied as extensively as state‐anxiety (i.e., the severity of an individual\'s fear or nervousness at a given moment in time). Another reason why we focused on trait‐anxiety depended on the fact that trait‐anxiety appears to influence how normal individuals orient themselves in space and the thresholds at which they shift from low‐ to high‐risk postural control strategies \[Hainaut et al., [2011](#hbm23411-bib-0043){ref-type="ref"}; Hallam and Hinchcliffe, [1991](#hbm23411-bib-0044){ref-type="ref"}; Viaud‐Delmon et al., [2002](#hbm23411-bib-0092){ref-type="ref"}\]. Last but not least, previous clinical studies found that patients with chronic dizziness were significantly more likely to possess high trait‐anxiety than patients with other chronic vestibular disorders (67% vs. 25%), even after controlling for the severity of state‐anxiety, depression, and dizziness handicap \[Staab et al., [2014](#hbm23411-bib-0087){ref-type="ref"}\]. These results complemented an earlier study by Tschan et al., who showed that patients with resilient, optimistic, and self‐confident personality traits---which essentially are the opposite of high trait‐anxiety---had reduced likelihood of developing chronic dizziness after acute vestibular illnesses \[Tschan et al., [2011](#hbm23411-bib-0090){ref-type="ref"}\]. All in all, we decided to use neuroticism and introversion as proxy measures of trait‐anxiety as there is considerable evidence that these personality traits are strongly related to anxiety‐related disorders \[Barlow et al., [2014](#hbm23411-bib-0007){ref-type="ref"}; Bienvenu et al., [2004](#hbm23411-bib-0011){ref-type="ref"}; Costa and McCrae, [1992](#hbm23411-bib-0024){ref-type="ref"}; Trull and Sher, [1994](#hbm23411-bib-0089){ref-type="ref"}\].

To test the hypothesis that anxiety‐related traits would affect the interplay between visuo‐vestibular and anxiety systems, we recruited *n* = 24 healthy people with variable levels of neuroticism and introversion. All participants were exposed to an immersive virtual reality rollercoaster task that has been previously developed to study vertical and horizontal heading in a visual gravity field \[Indovina et al., [2013a](#hbm23411-bib-0048){ref-type="ref"}, [b](#hbm23411-bib-0049){ref-type="ref"}, [2015a](#hbm23411-bib-0051){ref-type="ref"}\]. This paradigm allowed comparison of brain activity during trials that simulated forward self‐motion along a virtual vertical axis with brain responses associated with trials that simulated forward self‐motion along a virtual horizontal axis. The realistic and immersive virtual reality environment implemented in the rollercoaster task enabled us to investigate visually induced balance threat in a similar way to previously developed paradigms \[Coelho et al., [2009](#hbm23411-bib-0023){ref-type="ref"}; Diemer et al., [2015](#hbm23411-bib-0030){ref-type="ref"}; Peperkorn and Muhlberger, [2013](#hbm23411-bib-0078){ref-type="ref"}\].

We hypothesized that, when comparing vertical versus horizontal motion trials, higher neuroticism and introversion scores would be associated with higher activity and functional connectivity patterns in cortical areas implicated in the visuo‐vestibular control of balance as: (1) the parieto‐insular vestibular cortex (PIVC); (2) the temporo‐parietal junction (TPJ), (3) and the human motion complex visual area (hMT+/V5) \[Britten, [2008](#hbm23411-bib-0018){ref-type="ref"}; De Waele et al., [2001](#hbm23411-bib-0029){ref-type="ref"}; Indovina et al., [2005](#hbm23411-bib-0046){ref-type="ref"}; Lopez and Blanke, [2011](#hbm23411-bib-0063){ref-type="ref"}; Lopez et al., [2012](#hbm23411-bib-0064){ref-type="ref"}; zu Eulenburg et al., [2012](#hbm23411-bib-0096){ref-type="ref"}\]. We also predicted that another group of brain regions critically involved in anxiety‐related behavior (i.e., inferior frontal gyrus, amygdala, and hippocampus) would show changes in the activity and functional connectivity patterns as a function of increasing levels of neuroticism and introversion. Together, these hypotheses may explain why people scoring high in anxiety‐related traits, relative to individuals scoring low in the same personality traits, display heightened sensitivity to visual stimuli that evoke balance threat \[Staab et al., [2013](#hbm23411-bib-0086){ref-type="ref"}\].

PARTICIPANTS AND METHODS {#hbm23411-sec-0002}
========================

Participants {#hbm23411-sec-0003}
------------

Twenty‐four healthy volunteers (13 females, mean age: 32.4 ± 7.3 years) gave their written informed consent to participate in this study, which was approved by the Research Ethics Committee of Santa Lucia Foundation. Exclusion criteria included past or present otologic, neurologic or psychiatric disorders, chronic medical illnesses, pregnancy, medication use, smoking, and history of head injury. All participants were right‐handed, as assessed via the Edinburgh Handedness Inventory \[Oldfield, [1971](#hbm23411-bib-0072){ref-type="ref"}\]. To evaluate neuroticism, introversion, and other non‐anxiety related personality traits (e.g., openness), all volunteers completed a computerized version of the Italian translation of the NEO‐PI‐R questionnaire, a highly standardized measure of the five factor model of personality \[Costa and McCrae, [1997](#hbm23411-bib-0025){ref-type="ref"}\]. Raw scores for each personality factor were converted in T‐scores via a script written in SPSS (Statistical Package for Social Sciences, <http://www.spss.it>/) that used combined sex‐norms reported in the NEO‐PI‐R manual.

As motion sickness susceptibility (MSS) may influence the neural networks examined here \[Napadow et al., [2013a](#hbm23411-bib-0069){ref-type="ref"}, [2013b](#hbm23411-bib-0070){ref-type="ref"}\], we ensured that our results were not influenced by MSS and consequently included this measure as covariate of no interest in all the statistical models (see fMRI analysis sections below). MSS scores were assessed using the Motion Sickness Susceptibility Questionnaire (MSSQ) \[Golding, [1998](#hbm23411-bib-0040){ref-type="ref"}\].

fMRI Task {#hbm23411-sec-0004}
---------

The fMRI task was delivered via an MRI compatible VisualSystem (NordicNeuroLab, <http://www.nordicneurolab.com/Products_and_Solutions/fMRI_Hardware/VisualSystem.aspx>). This consists of goggles that have diopter correction and pupil distance adjustment, and provide immersion in virtual reality environments while isolating the participant from the external context. AVI videos were displayed via the PsychoToolbox 3.0.10 (<https://github.com/Psychtoolbox-3/Psychtoolbox-3>) running on Matlab 2012a (<http://www.matworks.com>), at 800 × 600 pixels, 30° × 23° visual angle, 60 frames per second.

A ride on a rollercoaster was simulated by showing first person perspective views of animated visual scenes compatible with forward self‐motion (Fig. [1](#hbm23411-fig-0001){ref-type="fig"}). Participant\'s view was that of a passenger sitting in a front‐car and looking straight ahead. Previous studies have shown that, with this type of simulation, the time‐varying visual information prevails on static vestibular information to cue the visual vertical \[Indovina et al., [2013a](#hbm23411-bib-0048){ref-type="ref"}, [2013b](#hbm23411-bib-0049){ref-type="ref"}\]. A fixation cross was displayed at the center of the scene corresponding to the focus of expansion during rectilinear motion. The car traveled most of the time in the open air along tracks consisting of vertical and horizontal rectilinear sections, connected by curves (see Supporting Information for a video example of the visual stimulation). To avoid habituation phenomena, we changed the kinematic parameters across trials although these parameters were identical for horizontal and vertical motions trials. The optic flow expanded radially from the central fixation point in both types of trials and directional cues were provided by the visual scene. There were periods during which the car accelerated, decelerated, or moved at constant speed \[Indovina et al., [2013a](#hbm23411-bib-0048){ref-type="ref"}, [2013b](#hbm23411-bib-0049){ref-type="ref"}\]. See supplementary materials for further details about motion kinematics parameters. A total of 126 trials including vertical and horizontal conditions was presented. To equalize visual stimulation between vertical and horizontal conditions, a tunnel was shown at the end of each rectilinear segment as in a previous study \[Indovina et al., [2013a](#hbm23411-bib-0048){ref-type="ref"}, [2013b](#hbm23411-bib-0049){ref-type="ref"}\]. Nonetheless, it is important to note that here we investigated the correlations between brain responses associated with a rollercoaster ride simulation and personality traits, which were unlikely to be related to low level visual features.

![Visual virtual environment. **Left panel**: Still frames from animated visual stimuli at onsets of exemplificative vertical and horizontal trials. **Right panel**: Panoramic view. \[Color figure can be viewed at <http://wileyonlinelibrary.com>\]](HBM-38-715-g001){#hbm23411-fig-0001}

The experiment included 3 sessions in total, each consisting of 6 movies with a mean duration of 48.25 s (minimum duration: 41.95 s, maximum duration: 56.63 s), presented in a random order. The first frame of each movie was static and lasted 15 s. The total duration of each session was 6 minutes and 20 s. To ensure that participants paid attention to the stimuli, they were instructed to fixate a cross at the center of the screen and press a button when the color of this fixation cross changed from blue to yellow. The color of the central cross changed six times during the whole experiment. At the end of the experiment, participants had to rate the "sense of presence" \[Sanchez‐Vives and Slater, [2005](#hbm23411-bib-0083){ref-type="ref"}\], which corresponded to the perceived realism of the visual simulation. More specifically, they had to rate "how strong was their sensation of being on the moving rollercoaster car" on a Likert scale from 0 ("none") to 10 ("as on a real rollercoaster") \[Indovina et al., [2013a](#hbm23411-bib-0048){ref-type="ref"}\]. Eye movements were recorded throughout the duration of the whole experiment for offline analyses.

Image Acquisition {#hbm23411-sec-0005}
-----------------

Neuroimaging data were acquired on a 3 Tesla Unit and using an 8‐channels head coil (Discovery MR‐750, General Electric, Milwaukee, WI). Head movements were minimized using foam pads around participants\' head. None of the participants had head movements greater than 2 mm. Whole‐brain fMRI data were acquired throughout echo planar images (EPI) sensitive to the blood oxygenation level‐dependent (BOLD) contrast (39 axial slices, 3‐mm thickness each; repetition time = 2,000 ms; echo time = 30 ms; voxel size: 3 × 3 × 3 mm).

Image Pre‐Processing {#hbm23411-sec-0006}
--------------------

Data were pre‐processed with SPM8 (<http://www.fil.ion.ucl.ac.uk/spm> [/]{.ul}). Slice‐acquisition delays were corrected using the first slice as reference (ascending order). EPIs were next realigned to the first scan by rigid body transformations to correct for head movements. Realigned scans were normalized to the standard template in the Montreal Neurological Institute (MNI) space using linear and nonlinear transformations, and finally images were smoothed with a Gaussian kernel of full width at half maximum of 8 mm \[Penny et al., [2011](#hbm23411-bib-0077){ref-type="ref"}; Worsley and Friston, [1995](#hbm23411-bib-0094){ref-type="ref"}\].

Eye‐Movement Analyses {#hbm23411-sec-0007}
---------------------

As saccadic movements may indicate attentional biases and a lack of ability to fixate the central cross \[Fischer and Breitmeyer, [1987](#hbm23411-bib-0034){ref-type="ref"}\], we computed the number of saccades (eye displacements lasting more than 100 ms and larger than 3 standard deviation from the baseline signal) and assessed whether there was a relationship between them and anxiety‐related personality scores. To calculate the number of saccadic movements, a video from the right eye (resolution: 320 × 240 pixels, number of frames: 11,700, frame‐rate: 30 frames per second) was recorded for the whole duration of the task using an EyeTracking Camera, which is integrated into the NordicLab VisualSystem (<http://www.nordicneurolab.com/products/VisualSystem.html>).

Eye movement data were analyzed via an in‐house script implemented in Matlab R2013a. Eye movement data of six participants could not be analyzed due to low quality of recording. The number of saccades was calculated per each session and each condition of interest (i.e., vertical and horizontal trials). An ANOVA test was performed to assess: (1) the main effect of session; (2) the main effect of motion direction, and (3) the interaction between session and motion direction. We also assessed whether there was any significant correlation between the number of saccades during vertical trials (relative to horizontal trials) and neuroticism and introversion scores. To this end, we subtracted the number of saccades during horizontal motion from the number of saccades during vertical motion and calculated the correlation between these values and subject‐specific personality scores.

fMRI Analysis of Regional Responses {#hbm23411-sec-0008}
-----------------------------------

For each participant, a general linear model (GLM) assessed regionally specific effects of task parameters on BOLD activations. Trials were modeled as epochs of variable duration and convolved with the SPM8 hemodynamic response function. First‐level GLMs included vertical, horizontal, and static conditions. Curves were modeled separately and excluded from the analyses. Six realignment parameters were included as effects of no interest to remove residual motion‐related variance. Low‐frequency signal drift was eliminated using a high‐pass filter (cut‐off, 128 s) and an autoregressive model (AR\[1\]) was applied to correct for voxels\' autocorrelations.

The following contrasts were computed: (i) all motion versus static trials, and (ii) vertical versus horizontal motion trials. First, separate one‐sample *t*‐tests (one per each contrast of interest) were carried out to explore the brain responses that were associated with the main contrasts independently of personality traits as in our previous study \[Indovina et al., [2013b](#hbm23411-bib-0049){ref-type="ref"}\]. Next, separate GLMs were generated for each of the Five Factor personality trait assessing the correlation between subject‐specific BOLD activity per each contrast and the individual scores in NEO‐PI‐R personality factors. To exclude the effect of motion sickness susceptibility on brain response evoked by self‐motion stimuli, individual MSSQ scores were entered into the GLM models as covariate of no interest.

Statistical maps were thresholded using two methods. First, we reported regions that met a threshold of *P* ≤ 0.05, with whole‐brain cluster level correction for multiple comparisons and *P* ≤ 0.005 to estimate minimum cluster size as in our earlier report \[Indovina et al., [2013b](#hbm23411-bib-0049){ref-type="ref"}\]. This threshold was chosen to directly compare the current results from those previously reported in an independent sample \[Indovina et al., [2013b](#hbm23411-bib-0049){ref-type="ref"}\]. Second, we employed a region of interest (ROI) approach using a threshold of *P* \< 0.05, FWE small volume correction (svc) \[Friston, [1997](#hbm23411-bib-0037){ref-type="ref"}; Worsley et al., [1996](#hbm23411-bib-0095){ref-type="ref"}\]. To this end, we used functionally defined ROIs based on previous independent fMRI studies \[Poldrack, [2007](#hbm23411-bib-0079){ref-type="ref"}\]. The ROIs were created using 6‐mm radius spheres for sub‐cortical regions and 8‐mm radius spheres for cortical areas. Next, all ROIs were combined into a unique mask which was in turn used to threshold the second level statistical maps.

The parieto‐insular vestibular cortex (PIVC), the human motion complex visual area (hMT+/V5), and the temporo‐parietal junction (TPJ) were defined as ROIs, given their key role in processing visual motion and vestibular stimuli \[Bosco et al., [2008](#hbm23411-bib-0014){ref-type="ref"}; Britten, [2008](#hbm23411-bib-0018){ref-type="ref"}; Cardin and Smith, [2010](#hbm23411-bib-0019){ref-type="ref"}; De Waele et al., [2001](#hbm23411-bib-0029){ref-type="ref"}; Frank et al., [2014](#hbm23411-bib-0035){ref-type="ref"}; Indovina et al., [2005](#hbm23411-bib-0046){ref-type="ref"}; Lopez and Blanke, [2011](#hbm23411-bib-0063){ref-type="ref"}; Lopez et al., [2012](#hbm23411-bib-0064){ref-type="ref"}; zu Eulenburg et al., [2012](#hbm23411-bib-0096){ref-type="ref"}\]. To define the PIVC bilateral ROI, we used 8‐mm radius spheres centered on the coordinates reported in Cardin and Smith, transformed in the Montreal Neurological Institute (MNI) space (*x*: 41, *y*: −30, *z*: 18 and *x*: −40, *y*: −30, *z*: 20 for right and left PIVC, respectively) \[Cardin and Smith, [2010](#hbm23411-bib-0019){ref-type="ref"}\]. This region has also been known as the Posterior Insular Cortex \[Frank et al., [2016](#hbm23411-bib-0036){ref-type="ref"}; Orban et al., [2003](#hbm23411-bib-0073){ref-type="ref"}\]. To define the hMT+/V5 and TPJ bilateral ROIs, we used 8‐mm radius spheres centered on the MNI coordinates reported in Bosco and colleagues (Right TPJ: *x*: 65, *y*: −36.6, *z*: 30.1; Left TPJ: *x*: −62.5, *y*: −36.2, *z*: 3; Right hMT+/V5: *x*: 55, *y*: −67.8, *z*: 1.8; Left hMT+/V5: *x*: −49.8, *y*: −71.0, *z*: 3.3) \[Bosco et al., [2008](#hbm23411-bib-0014){ref-type="ref"}\].

The inferior frontal gyrus (IFg), amygdala, and hippocampus were also considered as ROIs given their critical role in anxiety‐related behavior \[Bishop, [2007](#hbm23411-bib-0012){ref-type="ref"}; Craig, [2009](#hbm23411-bib-0027){ref-type="ref"}; Hüfner et al., [2011](#hbm23411-bib-0045){ref-type="ref"}; Indovina et al., [2011](#hbm23411-bib-0047){ref-type="ref"}; Kim et al., [2011](#hbm23411-bib-0055){ref-type="ref"}; Lopez et al., [2012](#hbm23411-bib-0064){ref-type="ref"}; Sylvester et al., [2012](#hbm23411-bib-0088){ref-type="ref"}; zu Eulenburg et al., [2012](#hbm23411-bib-0096){ref-type="ref"}\]. The IFg and the bilateral amygdala were centered on the coordinates reported in Indovina and colleagues using 8‐mm and 6‐mm radius spheres respectively (Right IFg: *x*: 50, *y*: 26, *z*: 2; Left IFg: *x*: −42, *y*: 26, *z*: 12; Right Amygdala: *x*: 18, *y*: −2, *z*: −16; Left Amygdala: *x*: −18, *y*: −2, *z*: −16) \[Indovina et al., [2014](#hbm23411-bib-0050){ref-type="ref"}\]. The bilateral hippocampus ROI was created centering the 6‐mm sphere on the MNI coordinates reported in Indovina et al. \[[2013b](#hbm23411-bib-0049){ref-type="ref"}\] (Right Hippocampus: *x*: 24, *y*: −16, *z*: −18; Left Hippocampus: *x*: −24, *y*: −16, *z*: −18) \[Indovina et al., [2013b](#hbm23411-bib-0049){ref-type="ref"}\].

Functional Connectivity Analyses {#hbm23411-sec-0009}
--------------------------------

### Task‐dependent functional connectivity: psycho‐physiological interaction (PPI) in a GLM {#hbm23411-sec-0010}

To investigate how personality traits modulated functional connectivity changes within the visual, vestibular, and anxiety brain systems, Psycho‐Physiological Interaction (PPI) analyses were conducted. A PPI represents the change in connectivity (i.e., correlation) between couples of regions (i.e., the "seed" and the rest of the brain) that is induced by a specific task \[Friston et al., [1997](#hbm23411-bib-0038){ref-type="ref"}\]. Overall, we sought to identify how personality traits modulated connectivity patterns between a seed region and the rest of the brain as a function of processing vertical versus horizontal motion trials (i.e., higher‐order PPIs) \[Passamonti et al., [2008](#hbm23411-bib-0074){ref-type="ref"}, [2009](#hbm23411-bib-0075){ref-type="ref"}, [2012](#hbm23411-bib-0076){ref-type="ref"}\]. The left PIVC, which was derived from the analysis exploring the effect of neuroticism on regional brain responses (see "Results" section), was used as one of the main seed region. PPI analyses were also performed using the hMT+/V5 complex as seed whose MNI coordinates were derived from the local maxima of the main effect of the task (i.e., vertical vs. horizontal motion trials) independently of personality (*X*: −52, *Y*: −72, *Z*: 4).

The time‐series for each participant seed was computed using the first eigenvariate from all voxels\' time series within a 8‐mm sphere and next deconvolved to estimate the neuronal time series \[Gitelman et al., [2003](#hbm23411-bib-0039){ref-type="ref"}\]. Separate PPIs were carried out for the contrast vertical versus horizontal motion trials. The PPI regressor was calculated as the element‐by‐element product of the neuronal time series of the seed region and a vector coding the contrast of interest. The first‐level GLM included the main effect of task, the "seed" time‐series, and six movement parameters as effects of no interest. Subject‐specific PPI contrast images were computed and finally entered into second‐level GLMs that identified the brain areas for which the change in connectivity with the seed was modulated by individual differences in personality scores. The same statistical approach used for regional analyses was also employed for second‐level PPI maps.

###### 

Demographic, psychological and behavioral data of the sample. Data are expressed as Mean (SD).

  N° subjects                                     24 (13 F, 11M)        
  ----------------------------------------------- --------------------- ------------
  Age                                             32.5 (7.2)            22--52
                                                  **NEO PI‐R**          
  Neuroticism                                     48.9 (10.1)           31.6--66.9
  Extraversion                                    54.4 (9.7)            35.7--73.2
  Openness                                        55.2 (9.8)            34.0--71.6
  Agreeablenness                                  47.2 (7.4)            28.9--59.3
  Conscientiousness                               52.5 (8.2)            33.5--68.1
  Motion sickness susceptibility                  11.2 (11.4)           0--38.6
                                                  **Behavioral data**   
  Sense of presence on the Rollercoaster (1‐10)   4.7 (2.8)             1--9

RESULTS {#hbm23411-sec-0011}
=======

Behavioral Results {#hbm23411-sec-0012}
------------------

Participants\' age, NEO‐PI‐R personality scores, MSSQ scores, and other behavioral data (e.g. sense of presence during the rollercoaster simulation) are summarized in Table [1](#hbm23411-tbl-0001){ref-type="table"}. A positive correlation was found between the "sense of presence" (i.e., the perceived realism of the visual simulation) and neuroticism (*r* = 0.45, *P* = 0.03, uncorrected for multiple comparisons). No significant correlations were found across personality traits (*r*\'s \< 0.24, *P*\'s \> 0.25) or between personality traits and motion sickness scores (*r*\'s \< 0.35, *P*\'s \> 0.08). Finally, no participant reported sense of nausea throughout the task.

Eye Movements\' Results {#hbm23411-sec-0013}
-----------------------

The number of saccadic movements did not differ as a function of the session (*F* ~(2,102)~ = 1.3, *P* = 0.28), motion direction (*F* ~(1,102)~ = 0.002, *P* = 0.97) or as a function of the session by direction interaction (*F* ~(2,102)~ = 1, *P* = 0.37). Furthermore, no significant correlations between the number of saccades, neuroticism and introversion scores were found (*r*\'s \< 0.03, *P*\'s \> 0.87).

Local Brain Responses Independently of Personality {#hbm23411-sec-0014}
--------------------------------------------------

For the sake of completeness, we also report the brain responses associated with the same contrasts examined in Indovina et al. \[[2013b](#hbm23411-bib-0049){ref-type="ref"}\], at the same statistical threshold (*P* \< 0.05 FWE whole brain cluster level corrected). Similar to the previous findings, the contrast of all rectilinear visual motion versus static condition showed activations in the PIVC, occipital and parietal cortices, as well as in the middle cingulate cortex, cerebellum (lobule VII, VIII, IX), postcentral gyrus, precentral gyrus, hippocampus, and thalamus (Supporting Information Fig. S1 and Supporting Information Table S1 for details).

Regional activations for the main effect of vertical motion direction relative to horizontal motion direction are reported in Supporting Information Figure S2 and Supporting Information Table S2. Similar to Indovina et al. \[[2013b](#hbm23411-bib-0049){ref-type="ref"}\], we found activations in the postcentral gyrus and precentral gyrus (Supporting Information Table S2). Additional activations were found in the calcarine sulcus, superior occipital gyrus, middle temporal gyrus, and supplementary motor area. Regional effects for the main effect of motion direction horizontal greater than vertical are reported in Supporting Information Table S3. Again, highly overlapping activations with those reported in Indovina et al. \[[2013b](#hbm23411-bib-0049){ref-type="ref"}\] were found in the lingual gyrus, fusiform gyrus and middle occipital gyrus (Supporting Information Fig. S3).

Effect of Personality Traits on Local Brain Responses {#hbm23411-sec-0015}
-----------------------------------------------------

We found positive correlations between neuroticism scores and activity in the left PIVC (MNI coordinates: *x*: −42, *y*: −28, *z*: 20; *Z*‐score: 3.91, *P* = 0.027 FWE svc) when comparing vertical versus horizontal motion trials (Fig. [2](#hbm23411-fig-0002){ref-type="fig"}, panel A). This result was not significant at the whole brain level of correction but survived svc, FWE in a combined mask of six ROIs. The PIVC region identified in this analysis also partially overlapped with the PIVC area found when comparing all visual motion trials relative to a static condition (Fig. [2](#hbm23411-fig-0002){ref-type="fig"}, panel B). No negative correlation between local brain activity was found with neuroticism nor any positive or negative correlation was detected between regional brain responses and introversion or other personality traits (*P*\'s \> 0.28 after svc). Finally, no significant correlation, either positive or negative, was found between brain responses and personality traits for the contrast "all motion versus rest" (*P*\'s \> 0.19 after svc).

![Panel **A**: Effect of individual differences in neuroticism on brain activations during vertical versus horizontal motion. Neuroticism scores were positively associated with brain responses in the left Parieto‐Insular Vestibular Cortex (PIVC). For visualization purposes only, we displayed results at a statistical threshold of *P* \< 0.005, uncorrected. The coordinates (*X, Y, Z*) are in the Montreal Neurological Institute (MNI) space. Color bars represent T‐statistics. In the scatterplot, each dot represents individual mean BOLD responses within the displayed cluster, while black lines represent the regression lines and red lines are the 95% confidence interval. Panel **B**: Overlap between the PIVC clusters. The red PIVC cluster represents the activation found as main effect of all rectilinear motion versus static condition (independently of personality); the green cluster represents the cluster found as a function of Neuroticism, while the blue region represents the overlap between the red and green clusters. BOLD: blood oxygenation level dependent. \[Color figure can be viewed at <http://wileyonlinelibrary.com>\]](HBM-38-715-g002){#hbm23411-fig-0002}

Effect of Personality Traits on Functional Connectivity Patterns {#hbm23411-sec-0016}
----------------------------------------------------------------

The brain region showing statistically significant correlations with neuroticism (i.e., left PIVC) for the vertical versus horizontal comparison was then used as seed region for the PPI analysis exploring influences of personality traits on functional connectivity patterns. This analysis showed that neuroticism was positively correlated with connectivity changes between the left PIVC and right amygdala (MNI coordinates: *x*: 18, *y*: 2, *z*: −14; *Z*‐score: 3.86, *P* = 0.033 after svc) (Fig. [3](#hbm23411-fig-0003){ref-type="fig"}). In contrast, no significant main effect of PPI (i.e., independently of personality) was found. Finally, when testing for connectivity effects using the hMT+/V5 as seed region, we found increasing coupling of this region with the left PIVC as a function of increasing neuroticism (MNI coordinates: *x*: −40, *y*: −24, *z*: 24, *Z*‐score: 3.36, for the vertical vs. horizontal contrast). However, this result was statistically borderline after svc at FWE so we did not discuss it further (*P*‐svc = 0.13).

![Effect of individual differences in neuroticism on brain functional connectivity during vertical versus horizontal motion. Neuroticism scores were positively associated with the functional connectivity between the left PIVC ("seed" region), and the right amygdala. For visualization purposes only, we displayed the results at a statistical threshold of *P* \< 0.005, uncorrected. The coordinates (*X, Y, Z*) are in the Montreal Neurological Institute (MNI) space. Color bars represent T‐statistics. In the scatterplot, each dot represents the individual mean BOLD responses within the displayed cluster; black lines represent the regression lines, while red lines are the 95% confidence interval. BOLD: blood oxygenation level dependent. \[Color figure can be viewed at <http://wileyonlinelibrary.com>\]](HBM-38-715-g003){#hbm23411-fig-0003}

DISCUSSION {#hbm23411-sec-0017}
==========

To our knowledge, this is the first fMRI study demonstrating that individual differences in neuroticism (but not other personality traits including introversion) modulated brain activity and functional connectivity patterns between visuo‐vestibular and anxiety regions during an immersive virtual reality task simulating self‐motion in a gravity field. More specifically, when comparing vertical versus horizontal motion trials, we found that neuroticism influenced the activity in the left PIVC, one of the most important vestibular cortical areas \[Indovina et al., [2005](#hbm23411-bib-0046){ref-type="ref"}; Lopez et al., [2012](#hbm23411-bib-0064){ref-type="ref"}; zu Eulenburg et al., [2012](#hbm23411-bib-0096){ref-type="ref"}\]. For the same contrast, neuroticism levels also modulated the task‐dependent connectivity between the left PIVC and right amygdala.

All these findings were independent of motion sickness susceptibility (MSS) which is important as there is evidence that MSS itself may influence visuo‐vestibular brain systems \[Napadow et al., [2013a](#hbm23411-bib-0069){ref-type="ref"}, [2013b](#hbm23411-bib-0070){ref-type="ref"}\]. Furthermore, no significant correlations were found between neuroticism and the number of saccadic eye movements recorded throughout the task which indicates that the attentional level or ability to fixate the central cross during the experiment did not affect the main results. Nonetheless, we found a positive association (although at an uncorrected level) between neuroticism and the sense of presence, which suggests that people with higher levels of neuroticism perceived the rollercoaster paradigm as more immersive and realistic than people with lower neuroticism scores.

The PIVC is a cortical region which is known to respond to different types of visual and vestibular information including visual stimuli that simulate vertical motion within a gravity field \[Bense et al., [2001](#hbm23411-bib-0009){ref-type="ref"}; Bottini et al., [1994](#hbm23411-bib-0015){ref-type="ref"}; Indovina et al., [2005](#hbm23411-bib-0046){ref-type="ref"}, [2013b](#hbm23411-bib-0049){ref-type="ref"}; Lacquaniti et al., [2013](#hbm23411-bib-0057){ref-type="ref"}; Lopez, [2016](#hbm23411-bib-0062){ref-type="ref"}; Lopez et al., [2012](#hbm23411-bib-0064){ref-type="ref"}; Maffei et al., [2010](#hbm23411-bib-0065){ref-type="ref"}; zu Eulenburg et al., [2012](#hbm23411-bib-0096){ref-type="ref"}\]. There is also evidence that patients with focal PIVC lesions may display unsteadiness and impairments in the visual perception of verticality \[Baier et al., [2012](#hbm23411-bib-0004){ref-type="ref"}; Brandt et al., [1994](#hbm23411-bib-0016){ref-type="ref"}\]. Furthermore, increased PIVC activity has been associated to coherent optic flow compatible with self‐motion \[Antal et al., [2008](#hbm23411-bib-0003){ref-type="ref"}; Cardin and Smith, [2010](#hbm23411-bib-0019){ref-type="ref"}; Grusser et al., [1990](#hbm23411-bib-0042){ref-type="ref"}\], although reduced PIVC activation has been found in similar contexts \[Brandt et al., [1998](#hbm23411-bib-0017){ref-type="ref"}; Kleinschmidt et al., [2002](#hbm23411-bib-0056){ref-type="ref"}\]. Finally, local electrical stimulation of the PIVC during neurosurgical procedures as well as epileptic discharges originating in the PIVC have been linked to strong sensations of self‐motion \[Isnard et al., [2004](#hbm23411-bib-0053){ref-type="ref"}; Nguyen et al., [2009](#hbm23411-bib-0071){ref-type="ref"}\]. Hence, the increased PIVC activity as a function of higher neuroticism scores may provide a mechanistic explanation of why people with anxiety‐related traits display enhanced susceptibility to visual motion stimuli \[Staab, [2012](#hbm23411-bib-0084){ref-type="ref"}, [2014](#hbm23411-bib-0085){ref-type="ref"}, 2013\].

Interestingly, when comparing vertical versus horizontal motion trials, we also found that neuroticism modulated the connectivity changes between the PIVC and amygdala, a key sub‐cortical "hub" in anxiety and other affective behaviors \[Kim et al., [2011](#hbm23411-bib-0055){ref-type="ref"}; LeDoux, [1998](#hbm23411-bib-0058){ref-type="ref"}, [2003](#hbm23411-bib-0059){ref-type="ref"}\]. This indicates that vertical self‐motion simulation may evoke heightened interactions between vestibular and anxiety systems in people with high levels of neuroticism. An altered interplay between vestibular and anxiety systems may thus mediate the increased sensitivity to balance threats that has been described in anxious individuals \[Staab et al., [2013](#hbm23411-bib-0086){ref-type="ref"}\]. Our connectivity data were also consistent with studies in monkeys showing that PIVC and amygdala are anatomical connected \[Mufson et al., [1981](#hbm23411-bib-0068){ref-type="ref"}\], although a recent study in humans has found that the anterior insula and not the PIVC may show enhanced connectivity with the amygdala as a function of higher anxiety levels \[Baur et al., [2013](#hbm23411-bib-0008){ref-type="ref"}\]. Nevertheless, the connectivity analyses used here were not only able to identify functional interplays between pairs of brain regions directly connected (i.e., via a single synapsis) but could also identify interactions between regions that may be mediated by additional areas \[Friston et al., [1997](#hbm23411-bib-0038){ref-type="ref"}\]. This implies that "in‐between" regions as the anterior insula, which is directly linked with both the PIVC and amygdala \[Almashaikhi et al., [2014a](#hbm23411-bib-0001){ref-type="ref"}, [2014b](#hbm23411-bib-0002){ref-type="ref"}\], may have mediated the effects observed between the PIVC and amygdala. Finally, the viscero‐motor response to interoceptive inputs (including vestibular stimuli) may be orchestrated by reverberating circuits that include the anterior insula, PIVC, and amygdala \[Craig, [2010](#hbm23411-bib-0028){ref-type="ref"}; Menon and Uddin, [2010](#hbm23411-bib-0067){ref-type="ref"}\]. These feed‐forward and feed‐back loops are thought to be critical for adjusting the autonomic functions associated with vestibular stimulation and in modulating the early sensory processing of vestibular inputs \[Craig, [2010](#hbm23411-bib-0028){ref-type="ref"}; Menon and Uddin, [2010](#hbm23411-bib-0067){ref-type="ref"}\].

We also note that no correlation between introversion and brain activity or connectivity patterns was found in this study, in contrast with predictions based on our previous work using sound‐evoked vestibular stimulation \[Indovina et al., [2014](#hbm23411-bib-0050){ref-type="ref"}\]. It may be that introversion exerts a different influence on activity in visual‐vestibular‐anxiety pathways in response to different types of motion‐related stimuli, perhaps being more sensitive to stimuli indicating actual self‐motion (i.e., vestibular and proprioceptive inputs) than virtual motion in the external world (i.e., visual inputs). Alternatively, the two stimuli may have elicited different levels of instinctive threat. More specifically, the sound‐evoked vestibular stimulus was a sudden input that lacked context from other motion cues, whereas the virtual rollercoaster task included less sudden motion stimuli that were immersed in a full visual context mimicking a consciously recognizable experience. In our previous study \[Indovina et al., [2014](#hbm23411-bib-0050){ref-type="ref"}\], introversion was primarily correlated with activity in anxiety regions in the brain, making the instantaneous threat explanation more plausible than a differential effect of vestibular versus visual inputs.

Finally, it is worth mentioning that our study had a number of strengths including the use a previously developed fMRI paradigm to evoke activations in brain visuo‐vestibular areas, and a sample of participants with a full range of personality traits. In terms of potential shortcomings, we acknowledge that this is the first evidence showing that neuroticism modulated responses to a visual motion stimulus in visuo‐vestibular and anxiety‐related areas, implying that our results should be interpreted with caution until they will be replicated in future studies. Another limitation of this study is the absence of objective measures to assess autonomic nervous system response (e.g., skin conductance). Although in our previous study we did not find evidence that the sense of presence changed when comparing vertical relative to horizontal motion trials \[Indovina et al. [2013b](#hbm23411-bib-0049){ref-type="ref"}\], it is still possible that the vertical condition caused greater arousal and autonomic reactivity, particularly in people with high neuroticism scores. Consequently, assessing how autonomic reactivity during a rollercoaster ride varies in relation to visuo‐vestibular and anxiety systems and as a function of neuroticism remains an interesting open question for future research.

In conclusion, we envisage that the results of the current study may inspire forthcoming research into the neural basis of the interplay between visual, vestibular, and anxiety systems both in healthy people and in patients with anxiety and vestibular disorders.
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